In this paper we used the Linear Fractional Representation (LFR) toolbox for the numeric generation of an LFT model. The LFT model was used for structural aircraft analysis in order to determine the onset of flutter. The equation of motion for structural aircraft response is first parametrised in terms of Mach number to obtain matched flutter solutions. From this parametrisation, LFT models for flutter analysis were analytically and numerically generated. The flutter analysis results of the LFT models is compared with flight test results. Finally, an LFT model is generated with perturbations in Mach number, mass, damping and stiffness for robust flutter analysis. The results from this analysis are compared with flight test data and correlate better than unpert,urbed nominal model analysis.
Introduction
A critical structural analysis topic in the design of aircraft is flutter analysis of flutter. Consider the dynamic motion of the complete aircraft structure with emphasis on the lift generating surfaces, such as wings and tail surfaces together with the different external store configurations. Flutter analysis relies on the solution of the equation 01 iuuLiun for structural aircraft response (l) , which at a constant Mach number M a is given as:
Mqs' + Cqs + Kq = qQq (1) with M , C and K to denote the generalized mass, damping and stiffness matrices. These result from the structural mode shape analysis using a Finite Element Model (FEM) of the system under consideration. The FEM model is analysed using the software package NASTRAN [7, 31. The term q = i p V 2 represents the dynamic pressure at which the system' is considered. To obtain critical flutter speeds the nominal dynamics of the aeroelastic system given by equation (1) are generally solved in the frequency domain using methods known as the P, the K and the P -K method, see
PI.
The unsteady aerodynamic forces acting on the right hand side of the system (1) are determined in terms is the reduced frequency. These are obtained using the Doublet-Lattice Method (DLM) which is incorporated in the software package NASTRAN. The DLM is a linear aerodynamic theory applicable up to subsonic airflow. The Mach number for which this method produces still valid results is limited to M a = 0.8.
With the speed of sound V, the Mach number is defined as M a = $. The reduced frequency k is defined as k = ! $. For anti-symmetric modes it depends on the radial frequency w , the wing span b and the true air speed V . The frequency w belongs to a certain mode shape, and the coefficients in the matrix Q r e flect the aerodynamic influence between the different mode shapes at the matching reduced frequency k i .
Assuming that (1) has pure harmonic solutions we introduce the complex Laplirce variable s = iw such that the unsteady aerodynamics Q(k, Ma) are transformed into frequency dependent dynamics G(s, Ma) by means of function approximation. The unsteady aerodynamlc forces can be modeled with I-lag terms such that Q(s,Ma) is reformulated as:
where the coefficients Ao, AI and Az reflect quasisteady aeorodynamic contributions t o denote respectively the aerodynamic stiffness, damping and inertia. The unsteady aerodynamic Contributions in the matrix Q are actually modeled by the mena of pure aerodynamic Pade delays. These dealys axe scaled with Az+i and have a pole at -01y for each lag term in equation (4) ( 
)
2 M a t c h e d flutter Condition
All the flutter solutions to the K-, PK-and P method, lead to unmatched flutter solutions. Especially, for flight test DurDoses it is desirable to obtain directlv.
In order to perform parametric robustness analysis in the p-framework we seek for a statespace representationoftheequationof motion (3). From thestatespace representation one can generate a parametric Linear Fractional Transformation (LFT) of the original system affected by variations in dynamic pressure q in order to determine the nominal flutter margin. 
Expressing the matrices fc7, C and K in terms of the Mach number leads to: 
All coefficients of equation (8) 
Uncertainty Modeling
Up to now, a nominal LFT model has been generated where only the variation in the Mach number has been considered. When we take into account the variation of structural parameters, we speak about robust flutter analysis. Robust flutter analysis has been performed on LFT models that all have been obtained numerically.
The robust LFT models are developed to reflect simultaneous uncertainties with respect to mass, damping and stiffness. All LFT models have the Mach number as varying parameter for flutter analysis. The obtained flight flutter margin is a robust Mach matched solution valid at a selected altitude. The LFT generation r e quires about half an hour on a Pentium 700 MHa.
Mass Perturbation
Equation (8) indicates that the mass parameter enters the state space equation in an inverse manner. The LFR toolbox requires the parameter that is to be perturbed, defined linear or in higher order power terms, but not as inverse terms. The mass perturbation M was therefore defined
The fuel contents of the wing pylon fuel tanks was chosen for the mass perturbation, because a large influence of pylon fuel contents was indicated on Limit Cycle Oscillation (LCO) onset in an NLR analysis 161 and confirmed during flight tests. The fuel tank content was altered from full (2600 Ibs per tank) down to empty in two intermediate steps, between, i.e. half full and quarter full. The wing pylon fuel tank contains three fuel compartments, which can be drained in sequence.
A low cost design change, the resequencing of the wing pylon fuel tank, was initiated by General Dynamics to alleviate the LCO problem after flight flutter testing [Z] . The sequence is from Full (F), indicated as FFF, only fuel is used from the mid compartment. In the half full state, indicated as FEF, only the forward and aft compartments contain fuel. After that, fuel is used from the aft compartment. In the quarter full state, indicated as FEE, only the forward compartment contains fuel. When the forward compartment is drained, the tank is Empty (E), which is indicated as EEE. Obviously such a fuel sequence causes an irregular change of centre of gravity of the fuel tank resulting in a non-linear change of the moment of inertia of the wing with respect to change in fuel state of the wing pylon fuel tank. The modelling of the fuel state in the wing pylon fuel tank was divided into four sequences, denoted with the FFF, FEF, FEE and EEE states. The results of the analysis are presented in figure 2 reflecting the total mass perturbation in the wing pylon fuel tank from full FFF down to empty EEE.
Analysis shows an increase of the flutter speed from fuel state FEF and FEE with decreasing fuel in the wing pylon fuel tank. Again, the solutions deviate at larger perturbations in the fuel state, however the largest deviation was in the third perturbation run and did not exceed 5 percent. The third run was conducted to 500 Ibs perturbation from the FEE fuel state. The last two perturbations of 600 and 700 Ibs showed a flutter speed above a Mach number of 0.9 for both methods. These solutions were considerd not to be valid, because both models were fitted as a function of Mach from 0.4 up -T % j U L n -0 *"ne, The perturbation of the fuel contents of the wing fuel pylon had to be carried out in three runs, due to the irregular fuel drainage scheme of the tanks. The solution of the LFT model showed good correlation with the P Mach matched method, with a maximum deviation b e tween the robust model and the P method of 7 percent.
To limit the difference between the solutions, the actual mass perturbation has to be limited. How much this limitation should be is difficult to say, because the difference is non-linearly distributed with increasing mass perturbation. However, based on the total mass perturbation in figure 2 and a maximum difference of 5 percent between the solutions, the maximum perturbation should be 1000 Ibs from the FFF fuel state. For the FEF and FEE fuel states there are no limits for the mass perturbation, because the difference between the methods never exceeded 5 percent. These theoretical mass perturbation limits are not considered a problem, because they are way beyond the practical mass perturbation limit. The practical limit is related t o the 
